Abstract
time, and neglect fundamentals of drying process. The semitheoretical models offer a compromise between theory and ease of application and generally are derived from direct solution of Fick's second law by assuming some simplifications [8] .
Knowledge of effective moisture diffusivity and convective mass transfer coefficient is necessary for modelling and prediction of mass-transfer processes such as dehydration. In the literature, various complex models have been developed for foodstuffs. However, among the proposed models, simple analytical models are useful to offer optimal solutions for the operating process without undertaking experiments on the actual system [9] . To develop a drying model, at first, it is necessary to specify the main mechanism of water removing and governing resistance. In thermal drying, simultaneous heat and mass transfer phenomena are occurred. In this process, moisture transfer occurs in two forms of internal vapour evaporation and surface evaporation. Moisture is transferred from inside of the object to its surface by diffusion and from the surface to surrounding by convection. Therefore, effective moisture diffusivity and convective moisture transfer coefficient (CMTC) are the two important parameters of mass transfer required to be study. Some factors including drying method, drying conditions, physico-chemical properties of material, and initial moisture content of object affect these parameters [10] . Several researchers have determined the mass transfer parameters during drying process for different agricultural products. Tiwari et al. (2004) evaluated convective mass transfer coefficient of jiggery during greenhouse drying process [11] . Babalis and Belessios (2004) studied the influence of drying air temperature and velocity on the drying constants and moisture diffusivity of figs during thin layer drying [12] . Wu et al. (2007) investigated vacuum drying characteristics of eggplant slices at different chamber vacuum pressures and temperatures [3] . Dak and Pareek (2014) dried pomegranate arils using microwave-vacuum method and studied the effect of sample mass, vacuum pressure and microwave power on the moisture diffusivity [13] .
The main objectives of this study were to 1) fit the experimental vacuum drying curves of celeriac slices to eight most used thin layer models available in the literature and find the best model, 2) determine moisture diffusivity and convective mass transfer coefficient of the samples and 3) investigate the effect of drying temperature and pressure on the mass transfer characteristics of the celeriac slices.
Materials and methods

Experimental data
In this study, the experimental data reported by Alibas (2012) for moisture content variation of celeriac slices during vacuum drying process was used. The researcher dried celeriac slices (57 mm in diameter and 3mm in height), with initial moisture content of 14.39 (kg water /kg dry matter ) until leaf moisture content to 0.1 (kg water /kg dry matter ), using a vacuum dryer at pressures of 0.1, 3, 7, 10, 13 and 17 kPa and temperatures of 55, 65, 75 °C [6] . For details of the celeriac slices drying in vacuum dehydration process, see Alibas (2012) [6] .
Using Eq. (1), the moisture content data of the celeriac slices was converted to dimensionless moisture ratio (MR):
where M and M 0 are instantaneous moisture content at each time (kg water /kg dry matter ) and initial moisture content (kg water / kg dry matter ) of the samples.
Mathematical modelling
To describe drying curves of the samples, the eight widely used mathematical models were selected (Table 1) . Curve fitting tool of MATLAB 7.10 (MathWorks, Inc., Natick, MA) and nonlinear regression technique were applied to fit the models to experimental moisture ratio data. The fit goodness of the mathematical models was evaluated and compared in terms of root mean square error (RMSE) and sum of squares error (SSE). Among the models, a model having minimum RMSE and SSE was selected as the best model to describe the drying curves [14] . These parameters are defined as: where MR exp,i is the i-th experimental moisture ratio, MR pre,i is the i-th predicted moisture ratio, and N is the number of the observations.
Determination of effective diffusivity and activation energy
The moisture removing in fruits and vegetables drying is mainly controlled by liquid and/or vapour diffusion mechanism. To simple analyses of the only diffusion-based thin layer drying equation, one dimensional diffusion is considered and Fick's diffusion equation is used. To define the mass transfer process, by assuming isotropic behaviour of the samples with regards to the water diffusivity, Fick's second law of unsteady state diffusion can be written as follow:
Supposing uniform moisture distribution, negligible external resistance, constant diffusivity and negligible shrinkage through the drying process, the solution of Eq. (4) can be carried out by using the separation of variables. Crank (1975) has (1) (2) (3) (4) given an analytically solution for Eq. (4) for different solid geometries which for an infinite slab is written as [15] : For long drying periods, Eq. (5) can be simplified to only the first term of the series and written in logarithmic form as [16] :
By plotting experimental data in term of ln(MR) against drying time, a straight line is obtained and the effective moisture diffusivity calculated as:
To determine the activation energy, the effective moisture diffusivity is related with drying temperature as follow:
where D 0 is Arrhenius constant or the constant equivalent to the diffusivity at infinitely high temperature (m 2 /s), R is the universal gas constant (8.314×10
-3 kJ/mol °k), T abs is the absolute temperature (°k), and E a is the activation energy (kJ/mol).
The graph of ln(D) against 1/T abs is plotted and its slope used to determine the activation energy as follow [1] :
Determination of convective mass transfer coefficient (CMTC)
The transient moisture diffusion process is exactly in the Fourier equation form of heat transfer, where temperature and thermal diffusivity are replaced with concentration and moisture diffusivity, respectively. The one-dimensional timedependent moisture diffusivity equation for slab shaped moist materials is written as [17] :
Initial and boundary conditions are as the follows:
where k is the convective mass transfer coefficient (m/s) and M s is the moisture content of the samples surface (kg water /kg dry matter ).
The convective mass transfer coefficient (k) in the surface of the celeriac slices was determined by using the procedure described by Kaya et al. (2007) [18] :
where V and A are the samples volume (m 3 ) and sample surface area (m 2 ), respectively.
Results and discussion 3.1 Modelling of drying curves
Statistical analyses results obtained through fitting experimental moisture ratio data with the mathematical models are shown in Table 1 . As the results show, the Midilli-Kucuk model with average values of RMSE=0.008289 and SSE=0.0002 was found as the best model to describe the drying kinetics of the celeriac slices. Similarly, the Midilli-Kucuk model has been introduced as the best mathematical model to describe microwave drying of white mulberry [19] , intermittent drying of rough rice [20] , convective solar drying of prickly pear peel [21] , convective drying of potato pulp waste [22] and hot air drying of apple slices [1] .
Furthermore, in order to evaluate the Midilli-Kucuk model, the moisture ratios estimated by the model was compared with experimental data and the results for some randomly selected drying curves are shown in Fig. 1 . As the results show, the points were generally located on the 45° straight line, indicating the suitability of the Midilli-Kucuk model to describe the drying curves of the celeriac slices. For the other drying conditions, the same trends were also obtained.
Effective moisture diffusivity and activation energy
The graph of experimental values of ln(MR) of the celeriac slices against drying time were plotted and the effective moisture diffusivity values (D) of the samples were determined by using Eq. (7) ( 
(6) The effect of drying temperature on the moisture diffusivity can be discussed by using the Table 2 . The results show that the moisture diffusivity increases with increasing drying temperature. In fact, an increase in temperature causes a decrease in water viscosity and increases the activity of water molecules. These phenomena facilitate water molecules diffusion in object capillaries and consequently, increase the moisture diffusivity [26] . This observation is in agreement with the reported results in the literature [27] .
From Table 2 , it is can be seen that any increment in vacuum pressure in drying chamber decreases the moisture diffusivity. This is due the fact that at vacuum pressures, surrounding air is expanded and water vapour present in food creates a puffed structure. The expanded structure provides large area to volume ratio for good heat and mass transfer whivh leads to facilitate the water transport and consequently increases drying velocity and diffusivity [28] . Similar results have been reported in the literature. Arévalo-Pinedo and Murr (2006) dried pumpkin slabs using vacuum drying method at different pressures (5, 15 and 25 kPa) and temperatures (50, 60 and 70 °C), and found that moisture diffusivity decreased with increasing vacuum pressure at all of the applied temperatures [29] . Furthermore, the relationship between moisture diffusivity, drying temperature and vacuum pressure, and respective R 2 and RMSE were obtained to be as follow: 
Using the equation, diffusivity can be calculated for the celeriac slides during drying.
For each vacuum pressure, the activation energy (E a ) were calculated by plotting the graph of ln(D) against 1/T abs and using Eq. (9). The obtained E a values are presented in Table 3 . As the results show, the activation energy varied from 2.22 kJ/mol to 4.70 kJ/mol. The obtained activation energy values are in the range reported for food materials (1.27-110 kJ/mol) [30] . Activation energy is defined as the energy needed to initiate the moisture diffusion from the internal regions of the material [26] . Therefore, based on the results, it is clear that relatively little energy is required to initiate moisture diffusion during vacuum drying of celeriac slices. 
Convective mass transfer coefficient
Mass transfer between the interface of a liquid or solid and a gas is an important phenomenon and often is described by convective mass transfer coefficient (CMTC). The convective mass transfer coefficient of the celeriac slices was calculated by using Eq. (14) and via linear regression analysis. Figure 2 presents variation of CMTC versus drying time for some randomly selected experimental drying data. As the results show, the CMTC had ascendant trend during the drying process duration. The same trends were also obtained for the other drying conditions. Similar observations have been reported for CMTC changes with drying time for papaya slices under hot air drying [31] . Also, variations of CMTC values with drying time for the applied drying conditions were formulated based on the regression analysis and the results are shown in Table 4 .
The values of CMTC are in the range from 4.1268×10 Table 4 , the effects of drying temperature and vacuum pressure on the average values of CMTC can be discussed. As the results show, for all pressures, an increment in the temperature leads to an increment in the CMTC. The mass transfer rate from a wet surface strongly depends on the air velocity over the surface, and thicknesses of the thermal and concentration boundary layer along the surface. The thermal thickness and the concentration boundary layer originate from differences between the surface and free stream temperatures and concentrations, respectively. Higher drying temperatures increase evaporation capability of the surrounding medium of the drying object and lead to higher mass transfer rates. Some researchers have reported similar results in the literature [31, 32, [34] [35] [36] .
As show, for all temperatures, CMTC decreased with any increment in the vacuum pressure. In fact, mass transfer in interface of the object and surrounding occurs due to vapour pressure difference. The increased pressure would lead to an increment in the surrounding air amount which resulting in increased vapour pressure and finally decreases convective mass transfer rates.
Furthermore, the relationship between average convective mass transfer coefficient, drying temperature and vacuum pressure, and respective R 2 and RMSE were obtained to be as follow: 
Conclusions
In this study, mathematical modelling of drying curves and determination mass transfer parameters of celeriac slices during vacuum drying at different temperatures and pressures was carried out. The Midilli-Kucuk model was determined as the best model describing drying curves. The effective diffusivity values varied from 2.1908×10 -10 (m 2 /s) to 8.9304×10 -10 (m 2 /s), and increased with increasing temperature and decreasing vacuum pressure. The activation energy varied from 2.22 (kJ/mol) to 4.70 (kJ/mol). The values of convective mass transfer coefficient were in the range from 4.1268×10 -7 (m/s) to 2.9931×10 -6 (m/s). The obtained results showed that the CMTC had ascendant trend during the drying process. For all pressures, an increment in the temperature led to an increment in the CMTC. At each drying temperature, CMTC decreased with any increment in the vacuum pressure.
